The mechanism by which enzyme lllglc of the bacterial phosphotransferase system regulates the activity of crystalline glycerol kinase from Escherichia coli has been studied, and the inhibitory effects have been compared with those produced by fructose-1,6-diphosphate. typhimurium cells, and with glpKr and glpK' mutant forms of glycerol kinase from S. typhimurium. These results serve to characterize the regulatory interactions which control the activity of glycerol kinase by fructose-1,6-diphosphate and by enzyme III1gc of the phosphotransferase system.
The bacterial phosphotransferase system (PTS) is a complex enzyme system which detects, transports, and phosphorylates a number of carbon sources in bacteria. It also regulates the activity of adenylate cyclase and the uptake of a number of carbohydrates, including glycerol, maltose, melibiose, and lactose (6, 15) , in a process which has been termed inducer exclusion (7) . Genetic and physiological studies led to the hypothesis that a regulatory protein, termed RPr and thought to be the glucose enzyme III (111g1c) of the PTS, directly regulates the activities of the uptake systems (16, 19) . Subsequent biochemical investigations established that ITIIgc binds directly to an allosteric regulatory site on the cytoplasmic surface of the lactose permease to inhibit its activity (11) . The same is apparently true for the melibiose and maltose permeases (17) .
Recently, Postma et al. (12) presented evidence which suggested that the target of III1gc action responsible for the inhibition of glycerol uptake is glycerol kinase, the first enzyme of glycerol metabolism, rather than the glycerol facilitator. In vitro experiments at pH 7.5 showed that in crude extracts derived from glycerol-grown wild-type cells of Salmonella typhimurium, glycerol kinase was inhibited by IIIS1c. Half-maximal inhibition occurred at ca. 1 mg of ll1g1c per ml (ca. 50 ,uM). Experiments conducted in vivo have suggested that much lower concentrations should be inhibi-* Corresponding author. tory in vitro (1, 9, 18) . Consequently, the results of Postma et al. (12) are anomalous.
If glycerol kinase rather than the glycerol permease is the target of PTS-mediated inhibition of glycerol uptake, mutants which specifically render uptake of glycerol resistant to PTS-mediated regulation (17, 20) should possess a glycerol kinase which is altered in the allosteric regulatory site of the enzyme that binds IlIgIc. Since the mutations which render glycerol uptake insensitive to PTS-mediated regulation must map within the structural gene for glycerol kinase (glpK), these mutants should be designated glpKr by analogy with the lacYr and malKT mutants isolated previously and characterized by fine structure genetic analyses (14, 15) .
Escherichia coli glycerol kinase is a tetrameric enzyme with a molecular weight of 220,000 (23) (24) (25) . At saturating glycerol and Mg2+ concentrations, ATP saturation curves are not hyperbolic but yield double-reciprocal plots with limiting slopes that indicate two apparent Km values for Mg-ATP, one at ca. 0.1 mM, the other at 0.5 mM (25) . The kinase does not exhibit cooperativity with respect to the binding of glycerol. At neutral pH, the enzyme is subject to allosteric inhibition by fructose-1,6-diphosphate (FDP) (21, 25 diluted with 2 ml of ice-cold water and then applied to columns of Bio-Rad AG 1-X2 resin (anion exchanger). They were washed with 3 column volumes of water and eluted two times with 3 ml of 1 M LiCl into scintillation vials. Triton-toluene scintillation fluid (15 ml) was added, and the radioactive samples were counted. Assays for PTS proteins were performed as described previously (21) . Protein was determined by the method of Lowry by using bovine serum albumin as the standard.
Protein purification. HPr, enzyme I, and lllglc were all purified from E. coli P650 to near homogeneity by published procedures (8, 27) . HPr and enzyme I were essentially pure by the criterion of slab gel electrophoresis in sodium dodecyl sulfate (26) . lllglc was estimated to be about 80% pure by sodium dodecyl sulfate gel electrophoresis and high-pressure liquid chromatography gel filtration but was a mixture of the two forms of the enzyme, 75% Illgic(slow) (presumed to be native II1£-) and 25% 1111"'(fast) ( (19) as follows. Three drops of a stationary-phase culture of one of these bacteria, grown in nutrient broth, were spread on a minimal agar plate containing glycerol (0.2%) and methyl (x-glucoside (0.1%). This strain could not grow on these plates because methyl cxglucoside prevented induction of the glycerol catabolic enzymes and inhibited glycerol uptake. Mutation was induced with a crystal of N-methyl-N'-nitro-N-nitrosoguanidine as described previously (21) . Mutant clones capable of glycerol utilization in the presence of methyl ox-glucoside appeared after 2 to 3 days at 37°C. They were purified and tested for their ability to utilize and ferment a variety of carbon sources. Mutants were selected that exhibited the same phenotype as the parental strain except with respect to glycerol utilization.
Two types of glycerol-specific mutants were isolated by this procedure. One type of mutant (represented by strain LJ68 which contains the glpK2261 mutation) grew in media containing glycerol or glycerol plus methyl ox-glucoside at the same rate, and it fermented glycerol poorly, as did the parental strain. The other mutant type (represented by strain LJ14, which contains the glpK'252 mutation) fermented glycerol more efficiently than did the parental strain but showed noticeable inhibition of glycerol utilization by methyl a.-glucoside. This second mutant type was found to take up r14C]glycerol and to excrete negatively charged radioactive metabolites derived from glycerol at rates that were about threefold greater than those observed with the parental strain when either D,L-lactate or glycerol served as the sole carbon source for growth. The regulatory properties of glycerol kinase in these and other mutant strains were characterized (see the legend to Fig. 6 ). Other mutants were isolated which exhibited the growth and fermentation properties of strain LJ14 but which were partially or fully resistant to regulation by both FDP and lllglc (see below).
Materials. Nutrient broth was from Difco Laboratories.
[U-_4C]glycerol was obtained from ICN Pharmaceuticals.
Crystalline E. coli glycerol kinase was purchased from Calbiochem-Behring. It was shown to be more than 90%Y pure by sodium dodecyl sulfate gel electrophoresis (subunit molecular weight, ca. 55,000) and by high-pressure liquid chromatography gel filtration (molecular weight near 220,000). The specific activity of the enzyme used in these studies employing our standard assay conditions was 140,000 pLmol of product formed per min per mg of protein at pH 9.0.
The specific activity at pH 6.5 was ca. 10% of this value. The crystalline enzyme was stable at 0°C or frozen at -20°C. ATP (Nat salt), fructose-i-P, fructose-6-P, FDP, fructose-2,6-diP, and phosphoenolpyruvate (monocyclohexylammonium salt) were all purchased from the Sigma Chemical Co.
Bicine [N,N-bis(2-hydroxyethyl)glycine], HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid), and MES [2-(N-morpholino)ethanesulfonic acid] buffers were purchased from Calbiochem-Behring. Tris was from Sigma. RESULTS pH dependency of glycerol kinase regulation by 111g1c and FDP. Figure 1 shows the pH dependency of the activity of glycerol kinase. The enzyme exhibits maximal activity at pH 9.0, half-maximal activity at pH 7.5, and virtually no activity 811 VOL. 162, 1985 on October 28, 2017 by guest http://jb.asm.org/ Downloaded from at pH 5. Neither FDP nor 111g1c were appreciably inhibitory at pH values greater than 7.5, but both were strongly inhibitory at slightly acidic pH. The optimal pH values for inhibition by both agents were between 6.0 and 6.5 ( Fig. 1) . Although the combined inhibitory effects of the two agents were not strictly additive, the activity of the kinase in the presence of FDP or 1llglc alone was never more than that in the presence of both agents. Fructose-1-P, fructose-6-P, and fructose-2,6-diP were not inhibitory at a concentration of 5 mM at pH 6.5.
A study of j11glc inhibition as a function of both pH and III1gc concentration is shown in Fig. 2 It should be noted from the shapes of the curves in Fig. 2 that the inhibiting effect of IIIl1c exhibited apparent cooperativity with respect to Illglc concentration. The slight stimulatory effect of low III1gc concentrations at pH 7.0 was reproducible but remains unexplained.
Kinetic analysis of II1g9c inhibition. Figures 3 and 4 show the effects of the inclusion of III1gc in the assay solution on the kinetics of glycerol phosphorylation. When kinase activity was studied as a function of glycerol concentration, the Km for glycerol was 7 p.M both in the presence and absence of III1gc (Fig. 3) . The observation of Thorner and Paulus (23) (24) (25) that the enzyme exhibits apparent negative cooperativity with respect to ATP concentration was confirmed (Fig.  4) propriately so that the reaction rate was linear with time at each protein concentration tested and so that less than 25% of the substrate was consumed. In Fig. 5 (12) reported that phosphorylation of 1I1lec prevented inhibition of glycerol kinase in a crude system at pH 7.5. Table 1 shows that the same is true when crystalline glycerol kinase was studied under optimal assay conditions. The table also shows that although an excess of purified enzyme I and HPr exerted no effect on glycerol kinase activity either in the absence or presence of 111gc, the lllg1c 6A). The significance of these observations has yet to be determined.
Finally, as shown in Fig. 4 , crystalline glycerol kinase from E. coli exhibited apparent negative cooperativity with respect to ATP concentration. We examined the glycerol kinases from S. typhimurium LT2, LJ68, and LJ14 and observed that all three Salmonella enzymes exhibited apparent negative cooperativity with approximately the same K,, values: 0.2 to 0.3 mM at low concentrations of ATP and 0.8 to 1.0 mM at high ATP concentrations (data not shown). This result shows that apparent negative cooperativity (i) is observed for the Salmonella enzyme as well as the E. coli enzyme, (ii) is not an artifact resulting from purification, and (iii) is not abolished by the glpK' or glpKr mutations. 
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" Assays were performed as described in the text in Nat MES buffer. The concentrations of PTS proteins were as follows: IIIg1c; 0.4 mg/ml; enzyme I (El) and HPr, 0.3 IU/ml. The concentration of phosphoenolpyruvate (PEP) was 1.0 mM.
DISCUSSION
In vitro experiments performed in the laboratory of P. Postma showed that in crude extracts derived from glycerol-grown wild-type cells of S. typhimurium, glycerol kinase was inhibited by lllg1c, with half-maximal inhibition occurring at ca. 1 mg of Illg1c per ml (ca. 50 ,uM) (12) . This concentration of III1gc was substantially in excess of that required for half-maximal inhibition of the lactose permease (ca. 200 p.g/ml or 10 IpM) (10, 11) . Since the intracellular concentration of lllg1c in E. coli and S. typhimurium is normally ca. 0.5 to 1 mg/ml (22) , extrapolation of these in vitro results to the in vivo situation would lead to the prediction that glycerol uptake by whole cells could not be inhibited more than 50% by a sugar substrate of the PTS. Since inhibition in excess of 95% is frequently observed in vivo, it must be concluded that the in vitro assay conditions used by Postma et al. (12) did not mimic the in vivo conditions. The enzyme in the crude extract may not have been in its native state, or a component of the extract may have inhibited binding of lllglc to the kinase. It is possible that in the intact cell, glycerol kinase exists in specific association with the glycerol facilitator.
The studies reported here with homogeneous glycerol kinase have provided some clarification regarding these uncertainties. Inhibition of glycerol phosphorylation by both of the two allosteric effectors of glycerol kinase, FDP and lllg1c was found to be strongly pH dependent. For example, neither agent was inhibitory at basic pH, but both inhibited at slightly acidic pH values (pH 6.0 to 7.0). At pH 7.0 in typhimurium LT2 (wild type) (0); S. typhimurium mutant LJ14 (glpK') (OI), and S. typhimurium LJ68 (glpKr) (A). The standard assay was employed.
REGULATION OF GLYCEROL KINASE BY ENZYME lllgIc PTS-mediated regulation of glycerol kinase, rather than of the permease, is fully consistent with the inducer exclusion mechanism proposed previously (13, 16 ). This conclusion results from the fact that the inducer of the glycerol regulon is cx-glycerophosphate. Inhibition of either entry or phosphorylation of glycerol should prevent accumulation of the inducer in the cytoplasm.
The results reported here serve to confirm several of the results reported by Thorner and Paulus (23) (24) (25) and de Riel and Paulus (3) (4) (5) . For example, kinetic constants, pH curves, and FDP inhibitory responses reported by these workers were very similar to those observed in our laboratory. Similarly, the apparent negative cooperativity for ATP and the positively cooperative effects that were apparent at low concentrations of FDP were reproduced, and we showed that these characteristics were properties of the crystalline E. c oli enzyme, as well as the crude wild-type and mutant S. i'vphiinuilum enzymes. Our studies serve to extend the findings of Paulus and co-workers and of Postma et al. (12) primarily by presenting a detailed analysis of the lllg'c inhibitory response. We have characterized this interaction and its consequences under a variety of conditions and have isolated and characterized mutants which are specifically altered with respect to the allosteric regulatory sites associated with the kinase. A comparison of the inhibitory responses of glycerol kinase to FDP and lllglc is summarized in Table 2 .
From the results summarized in this table it can be seen that the inhibitory responses are similar in several respects. Both agents are allosteric inhibitors which function noncompetitively and with similar pH optima. However, the binding sites are clearly different based on the mutant analyses, and the dimeric species which is insensitive to inhibition by FDP appears to be sensitive to inhibition by lllglc (Fig. 5) . The results duplicated in Fig. 5 might conceivably be explained otherwise if the tetramer binds lllg1c much more tightly than does the dimer, and Illg'c promotes association of the dimeric species to the tetramer. This possibility and others must await the development of physical techniques for studying the protein-protein interactions which promote the inhibitory responses to lllgIc. These studies are presently in progress. 
